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Introduction 

It has been known for nearly a decade that there is an apparent 

non-linear variation in Pt activity with surface area in (Figure 1) 

phosphoric acid fuel cell cathodes (1). In the intervening years there 

have been numerous attempts to either explain or account for this 

phenomenon (2), none of them being entirely satisfactory. In this paper, 

we review the recent history of these studies and describe new results 

that appear to at least define the physical processes that contribute to 

correlations of this type. It now appears that the primary factor is a 

variation in oxygen reduction kinetics with Pt crystallite size, which is 

in turn caused by a variation of surface structure with size and a 

dependance of activity on surface structure. Recent studies that use 

single crystal electrodes in order to obtain definitive evidence of the 

activity-surface structure relation have revealed unexpected new surface 

processes that appear to be unique, i.e. not observed on any 

polycrystalline surface (3). These single crystal studies are also 

reviewed here with some discussion about how the unique processes on 

these "ideal" surfaces may be related to electrocatalysis on "real" 

surfaces. 

Studies with Supported Metals 

For the sake of brevity and clarity, only supported Pt catalysts for 

air cathodes in acid electrolyte will be discussed~ but most of the 

phenomena described for Pt catalysts are also observed with Rh and Ir. 
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Supported Au catalyst, which has reasonably high activity for oxygen 

reduction in alkaline electrolyte, appears to exhibit a very different 

structure-property relation than these Group VIII metals. By convention, 

we will define specific catalytic activity as the rate of oxygen 

consumption at a fixed potential normalized by the total Pt surface area. 

Transport effects in rate measurements can be excluded by the use of 

thin-layer techniques (4). In the most carefully controlled experiments 

to date (5), conducted in phosphoric acid at high temperature, a 

characteristic variation in specific activity with average crystallite 

size was observed where activity deceases dramatically for crystallite 

size below 3.5 nm, with a projected near-zero activity for a 

monatomically dispersed catalyst (Figure 2). In other acids at low 

temperature, a qualitatively similar correlation was observed, but with a 

"critical size" shifted to 1.5-2 nm. 

In these experiments (5), the crystallite size was varied by 

heat-treatment of the most highly dispersed catalyst at successively 

higher te~peratures. This method increases both the size distribution 

as well as the average size, which complicates the interpretation of the 

structure-property relation based on size variation. 

Significant progress has been made in recent years on the use of 

ultra-high resolution electron microscopy to determine surface structure 

on "small" metal particles, small in this case being 10-50 nm (7). In 

recent work at LBL, we have been able to extend the use of ultra-high 

resolution TEM for surface structure determination down to particle 

dimensions of 3-10 nm (4). In the examination of the Pt on carbon 

catalysts used in the oxygen reduction experiments, we observed a 
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characteristic variation in surface structure with size. The reduction 

in average size from 10 nm to 2 nm produced crystallites having <111> 

facets connected by atomically stepped regions of (110) and (110) vicinal 

surfaces, e.g. the (110)-2X1 microfacetted surface. The 

activity-structure correlation suggests that the (111) and (110)-2X1 

surfaces have a lower intrinsic catalytic activity for oxygen reduction 

than (100) and (100) vicinal planes. 

At the present time, metal crystallites in the size range below ca. 

3 nm are too small for structural determination by electron microscopy. 

Based on the crystallite size-structure and size activity 

correlations we have observed in this work, we suggest that there are 

three "regimes" of particle dimension representative of 

structure-activity relations in electrocatalysis: 

I. 10-50 nm and larger, macrocrystals terminated 

by facets of the low Miller index surface structure; 

II. 10-2 nm, microcrystals having "quasi-spherical" 

shapes formed from atomically stepped regions 

connecting isolated (111) facets: 

III. 2 nm and smaller, the metal cluster regime where 

unique electronic states may occur (one may also 

consider this the quantum-mechanical regime). 

It seems reasonable to conclude that variations in catalytic 

activity with crystallite size observed using Regime I & II type 

materials is related to the variation in intrinsic activity with atomic 

structure, i.e. so-called structure sensitivity. For electrocatalytic 

reactions, additional complications occur in the "metal cluster" Regime, 
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particularly the stability of the metal towards dissolution. Such a 

destabilization can be expected even from classical thermodynamics, such 

as the correction of the Nernst equation for a metal/metal-ion couple by 

the addition of a surface energy term (the Gibbs-Thompson relation). 

suggest that the projected near-zero activity for a monatomically 

We 

dispersed catalyst is consistent with an expected spontaneous dissolution 

of the metal clusters in that state. 

From a technological standpoint, it seems likely that fine-tuning of 

the crystallite structure can be used to extend the linearity of the 

activity~area correlation out to an area of ca. 100 m2/g, but that 

fundamentally the instability of metals in the cluster limit will prevent 

any further useful dispersion of the metal. 

Sinqle Crystal Studies 

From the foregoing discussion of supported metal studies, it seems 

clear that one sh6uld expect to see fairly sizeable variations in 

specific activity between the different low index surfaces of Pt, 

particularly between the (110)-2X1 and the (100) surface. However, 

single crysta1 experiments have been startling in the complexity of 

structure-property relations observed even for simple adsorption 

reactions, e.g. the adsorption of hydrogen. An example of this 

complexity is shown in Figure 3, which is a voltammetry curve for Pt(111) 

in dilute sulphuric acid. For those unfamiliar with this 

electroanalytical technique, an excellent review of voltammetry and its 

interpretation in terms of surface processes has been written by Conway 
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(9). According to conventional wisdom derived from polycrystalline 

electrodes, the voltammetric features occurring near the hydrogen 

electrode potential (0 - 0.3 V, RHE) correspond to hydrogen 

adsorption/desorption processes, those features at ca. 1V anodic 

correspond to adsorption/desorption of oxygenated species, and in the 

potential region in between corresponds to double-layer charging, i.e. no 

surface processes are occurring. On the highly ordered, clean (111) 

surface, however, a reversible surface process occurs in the so-called 

double-layer potential region, and no surface process occurs in the 

potential region where oxygen (hydroxyl) adsorption is expected. When 

the anodic potential limit is increased sufficiently to induce oxygen 

adsorption, once adsorption occurs all the apparently anomalous features 

disappear(!} concommitent with the growth of "expected" features. 

Neither the chemistry of these new processes nor the cause of their 

disappearance is as yet understood. UHV surface analytical methods (9} 

were used to produce the highly ordered (111) surfaces, and LEED analysis 

has been used to d~termine perturbations to the surface structure caused 

by oxygen (hydroxyl) adsorption (10). It appears that the new processes 

are associated with atomically flat regions of the (111} surface with a 

critical region size that is quite large, at least 10 nm or more. The 

chemistry in this process is not known, although if it is not an impurity 

process the list of possibilities is not long. From the possible list of 

(non-impurity) chemistries, none would seem to require a large critical 

ensemble. Electrochemistry is now faced with a perplexing set of 

observations that appear to require very new concepts of interfacial 

chemistry at metal electrode surfaces. 
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At the present state of study of Pt single crystals, with their 

anomalous behavior there seems to be no connection between the chemistry 

at these "ideal" surfaces and the "real" surfaces which form on the 

supported metals. Not enough is known about the surface structure on 

supported metal crystallites to know whether the lack of connection is 

fundamental or not, i.e. is not due to experimental factors associated 

with the special procedures used with single crystals. It is this 

author's opinion that progress in this area of science is going to be 

very s 1 ow. Answers to the right questions wi 11 require the use of very 

expensive instrumentation (dedicated UHV analytical systems, modified 

stages on high resolution electron microscopes, dedicated scanning 

tunneling microscopes) and collaboration with specialists in 

techniques/instrumentation, both of these requirements being problematic 

in times of budget reductions. 
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Figure Captions 

1. The characteristic activity-surface area correlation 

observed by Bregoli (1) for air cathodes in 

subscale phosphoric acid fuel cells. 

(XBL 8512-11773) 

2. Detailed activity-surface area correlation observed 

by Ross (5) with thermally treated supported 

platinum electrocatalyst. Conditions of activity 

measurement were the same as those in Ref. 1. 

Crystallite size is the mean size obtained by 

electron microscopy. {XBL 8512-9048) 

3. Voltammetry of a Pt(111) single crystal transferred 

from UHV under ultra-clean conditions. 0.05 M H2 

so4, 50 mV/sec, ambient temperature. 

(XBL 838-11249). 
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